Presently there are no good assays for comparing somatic mutation frequencies and spectra between different vertebrate and invertebrate organisms. Here we describe a new lacZ mutation reporter system in D. melanogaster, which complements existing systems in the mouse. The results obtained with the new model indicate two-to threefold higher frequencies of spontaneous mutations than in the mouse, with most of the mutations characterized as large genome rearrangements.
Mutations are the prime substrate for natural selection in creating a wide variety of species well adapted to their environment. Random mutations, however, have generally adverse effects and are the cause of heritable disease, cancer and, possibly, aging 1 . Somatic mutagenesis is difficult to study in higher organisms, with most assays being indirect and based on alterations in phenotypic characteristics, such as the mouse or D. melanogaster spot tests 2, 3 . Direct methods are available, but they are restricted to point mutations in restriction enzyme recognition sites 4 . In the past, we have generated transgenic mouse models harboring chromosomally integrated lacZ-plasmid constructs that can be recovered into Escherichia coli for the subsequent quantification and sequence characterization of a broad range of spontaneous mutations. Such systems do not exist for invertebrates, and information as to how the spontaneous mutation burden in somatic tissues of such organisms differs from those in mammals is absent.
Here we generated a transgenic D. melanogaster animal model for studying a broad range of somatic mutations by inserting a lacZ plasmid reporter construct (pUR288-S; Supplementary Methods online and Supplementary Fig. 1 online) in a D. melanogaster chromosome as part of a pCasper transformation vector (Fig. 1) . We made a total of six lines (2, 4, 5, 7, 9 and 11), each harboring one copy of the plasmid construct (Fig. 1a) integrated at a particular chromosomal location. We mapped each integration site more precisely by using unique restriction sites in the construct that allowed recovery of plasmids harboring a D. melanogaster flanking sequence (for example, PvuI; Fig. 1b) .
Sequencing of this fly-specific fragment indicated the exact integration site and orientation in the D. melanogaster genome sequence database. The results indicate that the transgenic lines had the reporter plasmid integrated at different sites on chromosomes 1 (X), 2 and 3 (Fig. 1d) . In all cases integration was in euchromatin, as is common for P element insertion 5 , with only noncoding sequences affected. The flanking sequences showed no particular characteristics that would suggest target-site preference (data not shown).
The specific configuration of the integrated construct permits plasmid rescue using either HindIII or PstI. Only rescue with HindIII allows the detection of genome rearrangements as ligation at a PstI site anywhere other than in the ampicillin-resistance gene will not yield ampicillin resistance. When the origin of replication and the ampicillin-resistance gene are not deleted, the upstream truncated plasmid sequence will result in a mutant colony after HindIII digestion (Fig. 1c) . We first assessed spontaneous lacZ mutant frequencies and spectra from pools of 50 flies using HindIII for plasmid excision. The results for line 11 (randomly picked) indicated a mutant frequency in male flies of about 11 Â 10 -5 with a significantly higher mutant frequency of about 15 Â 10 -5 for females (P o 0.0001). We subsequently subdivided the mutations in 'no-change' and 'size-change' mutations. No-change mutations are point mutations that do not alter restriction enzyme patterns, whereas size-change mutations are mostly genome rearrangements that do alter the restriction enzyme pattern. In the fly, most mutations appeared to be size-change mutants.
Among 13 of the size-change mutants sequenced, only one appeared to be an internal deletion inside the pUR288-S reporter plasmid. All others were genome rearrangements, that is, lacZinactivating mutations with one breakpoint in the lacZ gene and the other elsewhere in the fly genome (Supplementary Table 1 online). Characterization of these 12 mutants showed that in eight of them the breakpoint was on the same chromosome harboring the pUR288-S construct in this line, that is, chromosome 3R. From the direction of the sequenced fragments we inferred that of these genome rearrangements, four were deletions, three were inversions, and one was complex and could represent a transposition event.
The breakpoints of the remaining rearrangements were located on chromosome 2L (3 translocations) and X (1 translocation; Supplementary Table 1 ). A high rate of chromosomal rearrangements in the D. melanogaster germ line is well documented 6 . Of note, none of the somatic genome rearrangements observed in this present study were caused by obvious transpositions. Instead, it is more likely that they are a consequence of erroneous repair of spontaneous DNA double-strand breaks.
To confirm that all or most of the mutations had occurred in the fly and were not due to artifacts of E. coli, we did mock rescues using either PstI-or HindIII-linearized pUR288-S plasmid generated in E. coli, mixed with genomic DNA from nontransgenic flies. The results indicated a four-to sixfold higher mutant frequency of the construct rescued from the flies than the ones grown in E. coli ( Supplementary Fig. 2 online) , indicating that the former represents the natural mutation burden at this locus in this invertebrate organism.
To demonstrate that the plasmid system is capable of detecting not only spontaneous mutations but also induced mutations, we treated flies of line 11 with the powerful mutagen ethylnitrosourea (ENU). In this experiment, we grew males and females that were fed different doses of ENU (0.01, 0.05, 0.1 and 0.5 mM), and measured the mutant frequency at the lacZ locus in 1-2-day-old flies. The results indicated a dose-dependent increase in mutant frequency from 0.01 to 0.1 mM (Fig. 2a) . No adult flies hatched from the larvae fed on 0.5 mM ENU. Sequence characterization indicated that the predominant mutation type found to be induced by the mutagen was a GC to AT transition, which is a signature mutation of ENU (data not shown).
To determine whether the sex of the flies or the position of the pUR288-S insertion in the pCasper vector had an effect on the lacZ somatic mutation frequency in the fly, we compared 1-7-day-old male and female flies of the six different transgenic lines. The results indicate that in male flies the mutant frequency was significantly lower than in females. We also observed some minor, albeit statistically significant variation as a function of the integration site (Fig. 2b) . ANOVA analysis demonstrated significant effects on mutation frequency primarily owing to sex (F ¼ 3817.7, P o 2.2 Â 10 -16 ) and secondarily owing to integration site (F ¼ 8.2, P ¼ 1.17 Â 10 -6 ) with nonsignificant interaction (F ¼ 1.9, P ¼ 0.09), indicating that there are differences from line to line, but sex-related differences are independent of these differences. The mutant spectra were not significantly different among the different lines. Characterization of at least 48 lacZ mutants per line and gender indicated that in all cases size change mutations were much more prominent than no-change mutations in all lines (Fig. 2b) . In females the fraction of no-change mutations relative to size-change mutations appeared to be somewhat higher than in males.
The results thus far obtained indicate that the new D. melanogaster lacZ mutation reporter model is robust and can be readily used for comparative studies of somatic mutagenesis, for example, fly versus mouse, and in relation to various genetic and environmental factors. While validating the new model, the results obtained in this study are of fundamental interest for understanding spontaneous genomic instability in different higher organisms. First, although genomic integration site was found to significantly affect spontaneous mutation frequency, this effect was mainly due to one line (line 7) and overall mutation frequencies do not differ much from line to line. We cannot completely exclude that preference of transgenic integration for particular genomic environments underlies this uniform level of instability across the genome. However, we noticed no special characteristics of the sequence environments of the integration sites. A second observation of general interest indicating a difference with mammals is the higher spontaneous mutation frequency in female than in male flies. Such a difference is not present in the mouse (data not shown) and also not known for human mutation frequencies at the HPRT locus in lymphocytes 7 . The difference in mutation frequency between the sexes is mainly due to a higher frequency of no-change mutations in the females (Fig. 2b) . Most of such mutations are point mutations, which are mainly due to replication errors 8 . It is possible that female flies (which are bigger than males) undergo more cell divisions since hatching and therefore have a higher chance of replication errors. Preliminary results indicate a shorter life span for females than males in the D. melanogaster genetic background used in the experiments.
Finally, we observed a significantly higher somatic mutation burden in young flies as compared to young mice. Indeed, our results indicate a two-to threefold higher mutant frequency in D. melanogaster than in Mus musculus (ref. 9 and data not shown).
Because of the about 14-fold larger size of the mouse genome, the mutation density in the fly genome (mutations per base pair) is far higher, that is, about 30-40-fold. This may be of physiological significance, especially because so many spontaneous mutations in D. melanogaster appeared to be large genome rearrangements, which are much more likely to have adverse effects than point mutations. It is possible that the high tolerance for somatic mutations of the fly genome relative to that of the mouse reflects differences in genome organization between these two species. For example, gene function in mammals may depend to a much greater extent on interactions with surrounding genes and regulatory sequences, often shared with other genes, than in D. melanogaster, in which genes are more autonomous with independent regulatory elements. In the mouse, a mutation burden as high as in the fly, with sizable fractions of genome rearrangements, could disrupt the many long-distance gene regulatory interactions and be unsustainable. The evolution of more complex species with longer life spans and more numerous cell divisions most likely also required the evolution of more sophisticated mechanisms for replication and repair to prevent the deleterious effects of genome rearrangements 1 .
Note: Supplementary information is available on the Nature Methods website. 
